Selgrade BP, Chang YH. Locomotor control of limb force switches from minimal intervention principle in early adaptation to noise reduction in late adaptation. J Neurophysiol 113: 1451-1461, 2015. First published December 4, 2014 doi:10.1152/jn.00246.2014.-During movement, errors are typically corrected only if they hinder performance. Preferential correction of task-relevant deviations is described by the minimal intervention principle but has not been demonstrated in the joints during locomotor adaptation. We studied hopping as a tractable model of locomotor adaptation of the joints within the context of a limb-forcespecific task space. Subjects hopped while adapting to shifted visual feedback that induced them to increase peak ground reaction force (GRF). We hypothesized subjects would preferentially reduce taskrelevant joint torque deviations over task-irrelevant deviations to increase peak GRF. We employed a modified uncontrolled manifold analysis to quantify task-relevant and task-irrelevant joint torque deviations for each individual hop cycle. As would be expected by the explicit goal of the task, peak GRF errors decreased in early adaptation before reaching steady state during late adaptation. Interestingly, during the early adaptation performance improvement phase, subjects reduced GRF errors by decreasing only the task-relevant joint torque deviations. In contrast, during the late adaption performance maintenance phase, all torque deviations decreased in unison regardless of task relevance. In deadaptation, when the shift in visual feedback was removed, all torque deviations decreased in unison, possibly because performance improvement was too rapid to detect changes in only the task-relevant dimension. We conclude that limb force adaptation in hopping switches from a minimal intervention strategy during performance improvement to a noise reduction strategy during performance maintenance, which may represent a general control strategy for locomotor adaptation of limb force in other bouncing gaits, such as running. spring-mass model; running; uncontrolled manifold; motor redundancy
THE HUMAN BODY POSSESSES MORE degrees of freedom than are necessary to complete any given motor task. Despite this redundancy, humans still manage to perform tasks in a repeatable and consistent way even while exhibiting considerable variability in the manner with which they accomplish these tasks. This phenomenon has been explained within the framework of the optimal feedback control theory using the minimal intervention principle (Todorov and Jordan 2002) , which states that the nervous system preferentially corrects deviations in movement that have a negative effect on performance (i.e., task-relevant errors). The rationale is that correcting deviations requires energy and is not worth the energetic cost unless it directly leads to improved performance. Findings from a number of reaching and grasping studies support minimal intervention as a general principle that explains how the nervous system organizes movement (Valero-Cuevas et al. 2009; Liu and Todorov 2007; Schlerf and Ivry 2011; Nguyen and Dingwell 2012) . For example, variance in muscle tension relevant to altering a fingertip force task is lower than the task-irrelevant variance, which has no effect on fingertip force (ValeroCuevas et al. 2009 ). Similarly, studies from the perspective of uncontrolled manifold (UCM) analysis distinguish the taskrelevant and task-irrelevant variance of local variables (e.g., joint angles) when this variance is transformed into the task space of a hypothesized control parameter (e.g., end-point position). In a range of motor tasks including sit-to-stand transitions (Scholz and Schoner 1999) , reaching (Tseng et al. 2002) , finger forces (Gorniak et al. 2007) , and locomotion (Black et al. 2007; Verrel et al. 2012; Auyang and Chang 2013; Toney and Chang 2013; Dingwell et al. 2010) , task-irrelevant variance of the local variables contributing to performance has been shown to be larger than variance that negatively affects the task performance (i.e., task relevant). This suggests that the nervous system selectively reduces variations in local variables (e.g., joint dynamics) that affect the task (e.g., limb dynamics). This inference, however, has been made largely by examining the variance structure that accumulates over numerous, successive repetitions of a consistently performed task rather than over the course of a changing adaptive response.
The adjustments in task-relevant and task-irrelevant deviations in local variables that occur on an iterative basis, particularly during the process of locomotor adaptation, have not been thoroughly examined. Understanding how joint dynamics adapt within a task space would provide insight into whether the nervous system utilizes the minimal intervention principle to control and adapt locomotor performance. In our usage, adaptation occurs in response to an error signal and consists of a change in a movement parameter (e.g., limb end-point force) that progresses over many repetitions rather than fully correcting for the perceived error immediately (Martin et al. 1996) . Because of the dynamic nature of adaptation, it is advantageous to consider the task relevance of deviation structures for individual repetitions rather than a single variance computed across the entire adaptation. The error signal to induce adaptation can be generated by visuomotor perturbation or through a direct perturbation on the performance. A visuomotor perturbation consists of the alteration of an otherwise accurate visual representation of the subject's performance without the subject's knowledge. For example, perturbations of visual feedback on hand position during a reaching task (Mazzoni and Krakauer 2006) or on step length during walking (Kim and Krebs 2012) cause subjects to adapt their movements to coun-teract the perceived perturbation. In locomotor adaptation induced by a split-belt treadmill walking task, subjects adapt to the direct perturbation of walking on two belts moving at different velocities by reducing both the induced step length asymmetry (Reisman et al. 2005 ) and metabolic cost (Finley et al. 2013) . Subjects also exploit redundancy between the local variables stride length and stride time to maintain constant speed during steady-state treadmill walking (Dingwell et al. 2010) . Locomotor adaptation research has typically focused on the changes occurring in limb-level or interlimb parameters like stride length, stride time, and ground reaction force (GRF) (Finley et al. 2013; Dingwell et al. 1996 Dingwell et al. , 2010 Torres-Oviedo and Bastian 2010; Vasudevan and Bastian 2010) . These global changes have a direct bearing on locomotor performance and must often be modified according to the experimental paradigm. Limb-level dynamics are represented in the mammalian central nervous system (Bosco et al. 2006; Poppele et al. 2002) and maintained even when peripheral nerve injury directly limits a specific joint Bauman and Chang 2013) , indicating that whole limb function likely represents an important level in the hierarchical organization of sensorimotor control (Loeb et al. 1999) .
Our approach here, however, is to focus on a different level of the sensorimotor control hierarchy and study joint torques as local variables that directly impact limb function. Joint torques result, in part, from combined muscle forces acting across a joint and thus serve as a good proxy for combined muscle actions. Additionally, how the coordination of joint torques in a limb-force-equivalent task space affects limb force can be determined analytically and quantitatively through use of a Jacobian matrix Yen and Chang 2010) . Alternatively, we could measure muscle activation patterns with electromyography, and there is evidence that muscle activations are coordinated to achieve limb-level function (McKay and Ting 2008; Chvatal et al. 2011) . Our approach to study deviation structure in joint torques provides a complementary method for studying what we believe is a similar level of the control hierarchy. As there is no direct way to quantitatively relate muscle activity to limb force output, however, our approach allows us to more directly relate the effects of muscle action (i.e., joint torque) to limb function (i.e., force) without relying on experimental correlations that relate muscle activity to limb force. Joint-level variables are coordinated to produce stable, consistent leg angles during hopping ), consistent center of mass position during walking and standing up from a seated position (Verrel et al. 2012; Scholz and Schoner 1999) , and consistent limb-level force output in hopping, running, and walking Yen and Chang 2010; Yen 2011; Toney and Chang 2013) . Examining how cycle-by-cycle deviations in joint torques are structured with respect to a limb force task space and how this structure changes over time would provide a means to better understand how the nervous system may utilize hierarchical organization to control limb force during human locomotor adaptation.
Variance (or deviation) structure of joint-level variables in task space, however, has not been previously studied during locomotor adaptation. Currently, there is no consensus as to a general framework for motor adaptation among the few studies that have investigated local variable changes with respect to task space during upper extremity movements. After practicing a reaching task, subjects showed greater decreases in taskirrelevant variance compared with task-relevant variance, which was contrary to the minimal intervention principle (Domkin et al. 2002) . Conversely, in agreement with the minimal intervention principle, Kang et al. (2004) found that subjects were able to produce a consistent net force across four fingers by reducing their task-relevant variance. Similarly, when subjects adapted to reaching in a force field, they preferentially reduced task-relevant variance in joint angles throughout the adaptation paradigm (Yang et al. 2007) . The discrepancy between these motor adaptation studies may have been caused by quantifying the structure of variance over many repetitions across the entire motor adaptation process (Domkin et al. 2002; Yang et al. 2007; Kang et al. 2004) . Although the uncontrolled manifold approach (Scholz and Schoner 1999) is appropriate when applied to steady-state behaviors, a preferable method would be quantifying the deviation structure of each repetition separately. This is because variance structure calculated across a number of repetitions may not provide the temporal resolution necessary to capture rapid adaptive changes that can occur over only a few repetitions. This is especially true when relatively large changes occur very early in adaptation followed by a long period of steady performance.
In human locomotion, joint torques are covaried with respect to a limb force equivalent task space to maintain a consistent limb force output during hopping, running, and walking gaits Yen and Chang 2010; Yen 2011; Toney and Chang 2013) . Moreover, the biomechanics of both hopping and running are accurately modeled by considering the net actions of the leg to act like a linear spring (Farley et al. 1991; Farley and Gonzalez, 1996) , a phenomenon observed across a wide variety of species (Full and Koditschek 1999; Cavagna et al. 1977) . Together, this suggests the joints are coordinated to achieve consistent, spring-like behavior from one hop to the next through consistent limb force production and indicates that hopping can be a tractable model to study the control of running (Blickhan 1989; McMahon and Cheng 1990; Ferris and Farley 1997) . Furthermore, because the mechanics are relatively simple and well understood, hopping and running provide an appropriate limb control schema that can be used to test the analytical techniques developed for this article. In steady-state hopping, variance in joint function (i.e., torques and angles) across many hops is biased to minimize only those joint deviations that tend to cause a deviation in the performance task (i.e., peak force on the ground and limb kinematics, respectively; Yen et al. 2009; Yen and Chang 2010; Auyang and Chang 2013) . The way in which this coordination changes from hop to hop during locomotor adaptation, however, is unknown and would provide evidence for what control strategies may be accessed during locomotor adaptation. Therefore, our approach here is to give subjects an explicit task to match a fixed visual target representing a previously identified implicit task goal of hopping, peak GRF. In particular, we focus on the changes in coordination of the local variables (i.e., joint torques) redundant to this limb-level force task when we implement a shift to the visual feedback unbeknownst to the subject. Our goal is to test whether these joint-level torque changes during locomotor adaptation occur with respect to a task space representing limb force. This would suggest the nervous system references a task space representation of limb dynamics when regulating joint dynam-ics during locomotor adaptation. Furthermore, the relative changes of task-relevant and task-irrelevant joint torque deviations will reveal whether these changes that are local to the global task variable of limb force adhere to a minimal intervention control principle.
Specifically, we determine whether hop-by-hop task-relevant deviations in joint torques selectively decrease when subjects adapt peak vertical GRF to a visuomotor perturbation task during single-legged hopping. Since large changes can occur over only a few hop cycles during early adaptation, we used a modified UCM analysis method that allowed us to calculate task-irrelevant and task-relevant deviations in joint torques for each individual hop cycle during locomotor adaptation. Our primary purpose in this study was to investigate how joint torques change in task space while subjects were required to increase peak GRF in response to a visuomotor perturbation. Subjects had a fixed visual target representing peak GRF, which would compel them to explicitly reduce task-relevant joint torque deviations to increase limb force and accomplish this visual matching task. Importantly, however, no such restriction was placed on task-irrelevant joint torque deviations, which by definition do not affect achievement of the peak force needed to match the visual target. Therefore, consistent with the minimal intervention principle, we hypothesized that subjects would reduce task-irrelevant deviations in joint torques less than task-relevant deviations as they adapted to the shifted visual feedback to produce higher peak limb forces.
Additionally, we posed two secondary hypotheses that the adaptation of limb force would exhibit a gradual reduction of GRF error at the beginning of each successive shifted feedback trial and that limb force output would display negative aftereffects when the visuomotor perturbation was removed. These results would suggest that, rather than solely correcting errors in limb force based on visual feedback errors in the previous few hops, adaptation during hopping involves using feedback to update an internal model, which is then referenced for feedforward control of limb force. Feedforward control is consistent with previous results in reaching adaptation (Kagerer et al. 1997; Izawa et al. 2008 ) and gait adaptation (Savin et al. 2010) . Thus limb force errors suggesting a feedforward control strategy would indicate that subjects are undergoing locomotor adaptation rather than simply correcting GRF errors based solely on feedback from hop to hop.
METHODS
Experimental design. Eleven healthy subjects (5 male) with means (ϮSD) of 25.5 Ϯ 3.7 yr of age, 66.8 Ϯ 7.2 kg body wt, 177.3 Ϯ 9.8 cm height, and 92.7 Ϯ 4.7 cm right leg length participated in this study. All subjects gave written, informed consent before participating in the study in accordance with an approved protocol granted by the Georgia Institute of Technology Human Subjects Institutional Review Board. Subjects were excluded if they had a history of neuromuscular injuries, severe leg injuries requiring surgery, or any leg injury 3 mo before participating in the study. Subjects had no prior knowledge of the purpose of the study. Each subject completed 11, 30-s trials, hopping on their right leg to a metronome beating at 2.2 Hz, which resulted in ϳ66 hops per trial. Subjects were given at least 2.5 min of rest between trials. All 30-s trials were grouped into one of four blocks representing the different visual feedback conditions. Each block contained multiple trials. In the baseline block, subjects completed two trials with no visual feedback. The average peak GRF from these trials was used to determine the target given as visual feedback in subsequent blocks of trials. Peak vertical GRF was chosen as the target, because previous research indicates that maintaining peak GRF is a goal in hopping Yen and Chang 2010) . Next, subjects completed a block of two trials while viewing real-time visual feedback of their current peak GRF compared with the visual target, which was the average peak GRF determined in the baseline block. Visual feedback was given using a custom Labview program (National Instruments, Austin, TX) and consisted of two vertical bar graphs displayed on a large monitor (110 ϫ 62 cm dimensions) ϳ3 m in front of the subjects at eye level. One vertical bar provided a visual representation of the target GRF and did not change for the entirety of the experiment. The other vertical bar gave visual feedback of peak vertical GRF from the current hop and changed with each hop (Fig.  1A ). Subjects were instructed to match the height of the vertical bar representing the peak force that they exerted on the floor to the height of the target vertical bar. This was the only instruction concerning visual feedback that the subjects received. The first trial of the nonshifted feedback block was used to allow subjects to acclimate to accurate visual feedback, and the second trial was used for comparison to subsequent trials. The next block consisted of four trials where the visual feedback was inaccurate due to a baseline shift. Subjects were not made aware of the shift in the visual feedback. During this shifted feedback block, subjects were given visual feedback of peak GRF that was reduced by an amount equal to 10% of the baseline target GRF. This shift was applied to the visual feedback vertical bar rather than the target column, so subjects were only asked to match a single, unchanging target over the course of the study. Based on pilot studies, 10% of peak GRF was chosen to be high enough to be outside of normal variation in peak GRF but low enough that subjects could reach it while maintaining a hopping frequency of 2.2 Hz. This induced subjects to adapt to this visuomotor perturbation by increasing peak GRF to match the visual target. This 10% shift represented a substantial amount of force increase. As the baseline peak GRF averaged 2.43 body wt, this 10% visual shift resulted in an average increased peak vertical GRF of 24% body wt. After the shifted feedback block of four trials, the visuomotor perturbation was removed without their knowledge and subjects completed an additional block of three postshift trials in which there was no shift in visual feedback. For the shifted feedback and postshift blocks, subjects were considered to have reached their goal behavior when peak GRF reached a steady state.
To control for the effect of visual feedback alone, without any shift, a subset of eight subjects returned several months after the initial experiment to complete an extended control experiment consisting of two baseline trials and six nonshifted feedback trials. Based on a power analysis (GPower 3.1; Heinrich Heine University, Dusseldorf, Germany; see Faul et al. 2009 ), this extended control experiment could detect effect sizes similar to those observed in the primary experiment with a power of 0.8. Consistent task-relevant deviations across these additional four nonshifted feedback trials would indicate that changes during the original shifted feedback condition were due to the shift in visual feedback rather than simply the presence of visual feedback.
Data collection and processing. We placed 16 reflective markers on lower body, anatomical landmarks (second metatarsal phalangeal joint, calcaneus, lateral malleolus, shank, lateral femoral epicondyle, thigh, anterior superior iliac spine, and posterior superior iliac spine) of each subject. We tracked sagittal plane locations of ankle, knee, and hip joint centers using a six-camera motion analysis system (120 Hz; Vicon, Los Angeles, CA) and collected GRFs with a force plate (1,080 Hz; AMTI, Watertown, MA). Both force and camera data were low-pass filtered at 10 Hz using a fourth order Butterworth filter. A custom Matlab (Mathworks, Natick, MA) program was used to compute joint angles and joint torques as previously described (Auyang et al. 2009; Yen et al. 2009 ). We defined a hop cycle as the time between initial foot contacts with the ground in consecutive hops and defined stance phase as the phase of each hop cycle when the measured GRF was Ͼ32 N. Data were time normalized so that each hop cycle had 100 data points, similar to gait cycles used in walking studies.
Data analysis. The GRF error for nonshifted, shifted, and postshifted trials was calculated as the difference between the visual target and the representation of peak vertical GRF given by visual feedback. For each hop cycle, we determined the time when the highest peak vertical GRF occurred. To find peak GRF error, the GRF error was averaged over 5% of the hop cycle centered about the peak GRF time. Although we analyzed data over the entire hop cycle, our main focus was on changes in peak GRF and joint torques at the time of peak GRF. This is precisely the time in the hop cycle when subjects reduce task-relevant variance of joint torques during steady-state hopping ). We calculated a Jacobian relating changes in joint torques to changes in vertical GRF similarly to a previously described method ). Sagittal plane torques from the hip, knee, and ankle joints were included in our analysis. Previous uncontrolled manifold analyses used joint angles averaged over the entire trial as reference angles to calculate this Jacobian that estimates the manifold. This assumes that the average over the trial is the desired behavior. Since performance changes throughout adaptation, the trial average is not as appropriate a point of reference during our shifted feedback trials. Rather, the steady-state behaviors reached at the end of the nonshifted, shifted, and postshifted blocks are more representative of the goal motor behavior for each block. Therefore, we averaged across the last 30 hops from each of the nonshifted, shifted, and postshifted block of trials to find the reference posture (͑ ជr ͒) for each block, which was used to calculate the Jacobian for that respective block. The t-tests confirmed that peak GRFs in the last 30 hops of each block were consistent with the last 40 and last 50 hops of their respective blocks (P Ն 0.29), indicating that this was a steady-state reference posture. In this way, we were assured that the GRF had reached a steady, consistent value. To validate the linearity of the system, we used the derived Jacobian and the measured joint torques to calculate an estimate of the measured vertical GRF using a previously described method ). For all subjects and hops, the estimated GRF calculated from the Jacobian was very similar to the experimentally measured vertical GRF. Across all subjects and trials, the average slope of the regression comparing measured and calculated was very close to unity (0.94) and the lowest R 2 value for any single hop was 0.95 (see Fig. 2A ), indicating that the assumption of a linear manifold is valid. We then used the Jacobian (S) to find the null space ͑ ជ͒ for every 1% of time of each hop cycle (Eq. 1).
By projecting differences between joint torques ͑X ជ ͒ at each 1% of the hop cycle and reference torques ͑X ជr ͒ into the null space of the Jacobian (S), we could determine the component of a single joint torque deviation that was parallel to the manifold (X ជ ʈ , Eq. 2). As with our reference posture, reference torques were also averaged from the last 30 hops of each block of trials. 
where n ϭ 3 is the number of local degrees of freedom (i.e., joint torques) and d ϭ 1 is the number of global degrees of freedom (i.e., limb force). The remaining torque deviations ͑X ជ Ќ ͒ are orthogonal to the manifold (Eq. 3).
The variables ͑X ជ ʈ ͒ and ͑X ជ Ќ ͒ are calculated in the same manner as motor-equivalent and nonmotor-equivalent joint deviation vector in a previous study (Mattos et al. 2011) . Normalizing ͑X ជ ʈ ͒ and ͑X ជ Ќ ͒ by the square root of degrees of freedom gave us cycle-specific task-irrelevant and task-relevant deviations, respectively (Eqs. 4 and 5).
Here we used single cycle projections in the null space instead of projections of variance over many locomotor cycles as we have done previously to study steady-state walking and hopping (Toney and Chang 2013; Yen and Chang 2010) . This allowed us to distinguish the task relevance of a single joint torque deviation within a single hop cycle and to track how this deviation changed over successive hops, which can occur rapidly during early adaptation. During our steadystate baseline trials, squaring the task-relevant and task-irrelevant deviations calculated with our modified uncontrolled manifold analysis and averaging these results across all hops in the trial to find variance yielded similar results to the nongoal equivalent and goal equivalent variance metrics we have previously used to analyze steady-state data (Fig. 2, B and C) . In other words, during steady-state hopping our cycle-by-cycle modified uncontrolled manifold analysis agrees with the traditional uncontrolled manifold approach we have used in previous steady-state studies.
Mean values of task-relevant and task-irrelevant deviations are biased toward subjects with high variability in joint torques. That is, a subject with higher overall variability in torques would have both larger task-relevant and task-irrelevant deviations, meaning his or her data may be overrepresented when averaging deviations across subjects. Therefore, we calculated a single-cycle index of deviation structure (SCIDS) to compare the normalized ability to structure joint torque deviations in task space across subjects (Eq. 6).
SCIDSϭ͑task-irrelevant deviations
where X ជ Ϫ X ជr ⁄ ͙ n is the magnitude of total torque deviations, a measure of total joint torque variation regardless of task relevance. SCIDS is a normalized difference between single-cycle task-relevant and task-irrelevant deviations. A positive SCIDS value indicates that the task-irrelevant deviation is larger than the task-relevant deviation for that hop. An increase in the SCIDS value from the beginning to the end of adaptation would support the hypothesis that subjects selectively decrease task-relevant torque deviations more than they decrease task-irrelevant deviations over the course of adaptation, which is consistent with a minimal intervention principle. Although UCM analysis of single repetitions has been previously used to study finger force deviations projected into task space (Scholz et al. 2003) , the Jacobian used in that analysis relied on the assumption that the pattern of force-sharing between fingers does not change over the time of each repetition. While this assumption holds for finger forces (Zatsiorsky et al. 2000) , the SCIDS analysis employed here is more appropriate for locomotion, because postural changes within each cycle alter the relative influences of different joints on vertical GRF and require recalculation of a new Jacobian for each time point in the hop cycle.
In summary, the single-cycle analysis methods used here differed from previous analyses because we calculated the Jacobian from steady-state behavior at the end of each block of trials rather than A: R 2 values of the relationship between endpoint forces calculated from the Jacobian S and experimental vertical GRF data for each hop of a representative subject. B: in steady-state hopping, task-irrelevant deviations squared and averaged across all hops in the trial (OE) are nearly equal to goal equivalent variance (x) for the second baseline trial of a representative subject. C: similarly, task-relevant deviations squared and averaged across all hops in the trial (OE) are nearly equal to nongoal equivalent variance (x) for the same trial.
computing a single variance across a number of repetitions during which the performance changes. The end of each block represented a period during each condition when subjects were no longer altering their peak GRF performance. Thus our current method has the advantage of allowing us to track task-relevant and -irrelevant torque deviations of individual hops with respect to a task space defined by a functional goal of hopping (i.e., limb force). This greater temporal resolution is better suited for describing rapid changes that often occur in early adaptation.
Statistical analysis. All data are reported as means Ϯ SE across subjects unless otherwise indicated. We used one-tailed, paired t-tests (alpha ϭ 0.05) to compare the mean of the first 10 and last 10 hops of each trial for peak GRF error, task-relevant deviation, task-irrelevant deviation, magnitude of total torque deviation, and SCIDS (SPSS; IBM, Armonk, NY). Instead of comparing 1 hop to another, we primarily used the means of the first and last 10 hops, which were computed for each subject before averaging across subjects, because we wanted to specifically assess differences between the beginning and end of each trial without results being skewed by 1 errant hop. To assess changes across adaptation and deadaptation blocks, we also used paired t-tests to compare the first and last 10 hops of each block of trials and performed Bonferroni corrections for all t-tests involving the first or last 10 hops of each block of trials (e.g., first 10 hops of S1 and last 10 hops of S4), where multiple tests were necessary. Bonferroni corrections were made by multiplying the P values obtained by the number of t-tests conducted, allowing us to use a consistent definition of statistical significance (␣ ϭ 0.05) throughout the study. For example, the first 10 hops of the first postshift trial (P1) were compared the last 10 hops of that trial (P1) and also to the last 10 hops of the last postshift trial (P3), so a Bonferroni correction was used for both of these tests. Rather than changing the alpha value to 0.025, we doubled the calculated P values, which is equivalent for determining significance but simplifies reporting our results by maintaining the same alpha value (0.05) for all tests. Standard errors were computed by dividing standard deviations calculated across subjects by the square root of the number of subjects. Data from the beginning and end of each trial, which were compared with t-tests, had similar variance and were normally distributed, indicating that parametric tests were appropriate.
RESULTS
As expected, all subjects displayed an adaptation of peak GRF when visual feedback was shifted to explicitly require greater peak limb forces. During the first three shifted feedback trials, subjects significantly reduced the magnitude of error in peak GRF from the beginning to the end of each respective trial (Fig. 3) . There was a 54% decrease in GRF error between the first 10 hops of the first shifted feedback trial (S1) and the first 10 hops of the final shifted feedback trial (S4, P Ͻ 0.01). Similarly, the peak GRF error of the very first hop of S1 was significantly larger than that of the first hop of S4 (P Ͻ 0.001). In the first postshifted feedback trial, the GRF error initially exhibited a negative aftereffect but corrected to near zero error by the end of this trial, representing an 82% decrease in error magnitude (P Ͻ 0.02). For both shifted and postshifted feedback blocks, the GRF error remained unchanged within later trials (late adaptation and late postadaptation, respectively). Data from each subject followed the same trends exemplified by the group. During the first trial of the nonshifted feedback block, GRF error exhibited a decreasing trend (P Ͻ 0.07), but the second nonshifted feedback trial showed no changes in the GRF error.
Task-relevant joint torque deviations generally mirrored the changes observed in peak GRF as anticipated. Task-relevant deviations significantly decreased during the first, second, and last shifted feedback trials, as well as the first postshift trial (P Ͻ 0.05; Fig. 4A ). Interestingly, we did not observe any similar concurrent changes in the average magnitudes of individual joint torques. The decrease in task-relevant deviations between the first 10 hops of the shifted feedback block and the first 10 hops of the final shifted feedback trial was highly significant (P Ͻ 0.01). While peak GRF error showed a decreasing trend only in the first nonshifted trial, task-relevant deviations exhibited significant decreases during two of the other nonshifted trials (P Ͻ 0.05; Fig. 4A ). In the extended control experiment when subjects only experienced nonshifted visual feedback, within trial reductions in task-relevant deviations were significant for only the first of the six nonshifted feedback trial (P Ͻ 0.03; Fig. 4C ).
In contrast, task-irrelevant joint torque deviations did not mirror the pattern of GRF errors. Task-irrelevant torque deviations did not change early in the shifted feedback block and decreased only at the end of this block in the last trial (P Ͻ 0.02; Fig. 4B ). Task-irrelevant deviations also decreased significantly in the first and last postshifted trial (P Ͻ 0.05) and exhibited a decreasing trend in the second postshifted trial (P ϭ 0.08; Fig. 4B ). During the extended control experiment, task-irrelevant deviations displayed a small but significant decrease in the third nonshifted feedback trial (P Ͻ 0.03). This represented a 14% decrease over the trial, which was the smallest measured significant change in torque deviations across all conditions studied. For comparison, the average variation of task-irrelevant deviations during all nonshifted trials of the extended control experiment was 11%.
As a result of the task-specific changes in the components of joint torque deviation, a clear structure of joint torque devia- Number of hops
Error in peak GRF from target (BW) ** * * * ** ** Fig. 3 . Magnitude of error between peak GRF and target over time. GRF error decreases in first 3 shifted feedback trials, the performance improvement (PI) phase, and is unchanged in the final trial, the performance maintenance (PM) phase. Peak GRF error magnitude also decreased in the first postshift trial. BW, body weight. Symbols are means Ϯ SE across all 11 subjects. Brackets indicate significant difference between averages of first 10 and last 10 hops, as well as first 10 hops of S1 compared with first 10 hops and last 10 hops of S4. *P Ͻ 0.05, **P Ͻ 0.01.
tions projected into the force equivalent task space emerged during adaptation. Our metric for the normalized difference between task-irrelevant and task-relevant deviations, SCIDS, significantly increased within the first and second shifted feedback trials indicating an ever-increasing alignment with the target limb force manifold (P Ͻ 0.01 and P Ͻ 0.05, respectively; Fig. 5 ). SCIDS remained positive and largely unchanged throughout the third and fourth shifted feedback trial and the entire postshifted feedback block. SCIDS also increased during the first nonshifted feedback trial following the baseline condition suggesting an initial effect of visual feedback alone (P Ͻ 0.02). Notably, we saw a general increase in SCIDS across the entire adaptation condition when comparing the first 10 hops and final 10 hops of the entire shifted feedback block (P Ͻ 0.01). The increase in SCIDS between the first 10 hops of the first shifted feedback trial and the first 10 hops of the final shifted feedback trial also suggest that our subjects were improving their ability to quickly respond to the shift within each trial over the course of the adaptation period (P Ͻ 0.01). The deadaptation period during the postshifted feedback trials appeared to be influenced by decreases in total torque deviations. While SCIDS did not change during the postshift block, total torque deviations did significantly decrease within the first and last postshifted feedback trial (P Ͻ 0.03) and exhibited a decreasing trend in the second postshifted feedback trial (P Ͻ 0.06; Fig. 6 ). Overall, total torque deviations showed similar changes to task-irrelevant deviations. Total torque deviations were also significantly reduced within the fourth shifted feedback trial at the end of the adaptation period (P Ͻ 0.02). We also observed significant decreases in total torque deviations within blocks across both the shifted and postshifted feedback blocks (P Ͻ 0.01).
DISCUSSION
Subjects followed minimal intervention principle to adjust their joint dynamics during the performance improvement phase of the visual feedback of the GRF matching task. When viewed in the task space of the target limb force, task-relevant joint torque deviations decreased more than task-irrelevant deviations during early adaptation, when the greatest decreases in GRF error took place. The shifted feedback block of trials can be further separated into a performance improvement phase when peak GRF error was decreasing (i.e., early adaptation) and a later performance maintenance phase when peak GRF error remained relatively unchanged (i.e., late adaptation). In this study, the first two shifted feedback trials and beginning of the third trial made up the performance improvement phase as evidenced by the progressively decreasing GRF errors, while the remainder of the shifted feedback block represented the performance maintenance phase (Fig. 3) . During performance improvement, we saw a greater effort to align the torque deviation structure with the target force-equivalent manifold (i.e., as indicated by an increasing SCIDS metric). The increased deviation structure, SCIDS, was solely the result of a decrease in task-relevant joint torque deviations while task-irrelevant joint torque deviations remained unchanged. While task-relevant deviations must decrease to increase limb force due to the explicit task imposed by the visual target, it was not known a priori that task-irrelevant joint torque deviations would remain unchanged during performance improvement. For example, a wholesale decrease in total joint torque deviations, with equal decreases in both task-relevant and task-irrelevant joint torque deviations irrespective of the target force manifold, could also have delivered improved performance in matching the visual target representing peak force. The increase in SCIDS during the performance improvement phase of adaptation is consistent with the minimal intervention principle. The increase in SCIDS also clarifies previous studies of hopping under steady-state conditions, in which joint torque variance that affects peak GRF (calculated across the entire trial) is lower than variance that does not affect peak GRF Yen and Chang 2010) . To our knowledge this is the first demonstration of minimal intervention principles during locomotion that shows a cycle-by-cycle preferential reduction in the local variables (i.e., joint torques) that determine limblevel task performance (i.e., peak GRF). Importantly, the task-irrelevant joint torque deviations were left unaltered. This suggests that the locomotor system likely references a representation of the limb force task space when controlling the motor output responsible for generating joint torques. Based on the performance improvement phase, locomotor adaptation in hopping follows the minimal intervention principle by reducing only the task-relevant torque deviations while allowing task-irrelevant deviations to remain high.
The secondary hypotheses that GRF error would decrease between the start of each shifted feedback trial followed by a negative aftereffect during the first postshift trial was supported, suggesting that visuomotor adaptation of limb force is under feedforward control during hopping. Subjects responded to shifts in visual feedback by increasing peak GRF both within and across trials. Particularly, the GRF error at the beginning of each shifted feedback trial progressively decreased compared with the prior trial. After three trials of shifted feedback, the GRF error at the beginning of the final adaptation (S4) trial was significantly lower compared with the beginning of S1 even though the hop at the very beginning of the S4 trial does not have feedback from a previous hop (Fig. 3) . If the reductions in peak vertical GRF were solely due to simple feedback error correction, we would expect GRF error at the beginning of the last shifted feedback trial (S4) to be equally as large as in the first hop of S1. Then, the GRF error would decrease across the S4 trial in response to errors in visual feedback. The first recorded hop in S4 occurs after at least 2.5 min of rest and without the benefit of visual feedback from a previous hop, so attenuation of error in that first hop in S4 supports the hypothesis that a predictive control strategy is being used. Furthermore, the GRF error did not decrease from the beginning to the end of the S4 trial. This result and the aftereffect we observed in P1 after the shift had been removed indicate that subjects were not using hop-to-hop error correction driven solely by feedback control. Instead, they were more likely predicting the required GRF in a feedforward manner. This feedforward control could possibly be achieved by referencing an internal model of the limb dynamics required to reach a GRF that matches the visual target. An internal model updated in response to visual feed- back errors in trials S1, S2, and S3 could have produced the results seen in S4. Feedforward control is a fundamental feature of adaptation that is seen in other gait and reaching movements (Kagerer et al. 1997; Savin et al. 2010) . Our results suggest that the locomotor adaptation of limb force during hopping in response to visual feedback is the result of a similar process.
We have taken a different approach to the minimal intervention principle than previous studies, which often have redundancy built into the task performance (Schlerf and Ivry 2011; van Beers et al. 2012; Liu and Todorov 2007; Ranganathan and Newell 2010; Diedrichsen 2007) . For example, when reaching for a linear target, subjects allow for more performance deviations in the task-irrelevant direction along the length of the target (Schlerf and Ivry 2011) . Also, when force field perturbations occur early in targeted reaching, subject hand positions vary greatly until just before reaching the target, when hand position is most relevant to achieving the task (Liu and Todorov 2007) . These approaches studied deviations occurring in the performance parameter (e.g., hand position) rather than the local variables that contribute to the performance parameter (e.g., joint angles). When the task does not have built-in redundancy, however, minimal intervention can still be observed in the organization and control of the redundant anatomical elements that contribute to task performance. For instance, when producing a target fingertip force, task-relevant variance in activity of redundant muscles is consistently lower than task-irrelevant variance (Valero-Cuevas et al. 2009 ). Here, we show that subjects adhere to a minimal intervention principle when organizing their joint dynamics to improve limb force performance during a hopping locomotion task.
An interesting result was that task-relevant deviations decreased not only in shifted feedback trials during adaptation but also in baseline trials with nonshifted feedback. This can also be observed in the SCIDS metric. When visual feedback is first introduced, SCIDS is negative due to relatively high taskrelevant deviations. However, SCIDS quickly increases in the presence of visual feedback and is positive through the second baseline trial. These results indicate that visual feedback of any limb force target induces subjects to adopt a minimal intervention strategy even when there is no shift in visual feedback. The results of the post hoc extended control experiment, however, demonstrate that when subjects continue to hop with accurate visual feedback without the shift, task-relevant deviations quickly level off after the first trial with no substantial changes over the subsequent five trials (Fig. 4E ). There was a small but significant decrease of 14% in task-irrelevant deviations in the third nonshifted feedback trial. This was small in comparison, however, as significant decreases in task-irrelevant deviations during the primary experiment with shifted visual feedback ranged between 48 and 50% and appeared consistently over the shifted feedback trials. If we consider any trial providing visual feedback on peak GRF error to be a task that requires performance improvement, then the brief performance improvement with nonshifted feedback actually supports the greater observation that the minimal intervention principle is used when limb force errors are to be explicitly minimized. Therefore, it is likely that the more robust reductions in task-relevant deviations to reduce GRF error during limb force adaptation in the primary experiment can be attributed mostly to the heightened performance improvement demanded of the shift in feedback rather than the visual feedback alone.
During the performance maintenance phase, all joint torque deviations decreased simultaneously regardless of task relevance. This indicates that the limb force control strategy had switched from one of minimal intervention during performance improvement to a strategy of joint-level noise reduction during performance maintenance. We use the term noise reduction not to signify reducing noise in GRF performance but rather reduction of variability in the local variables, in this case joint torques (Müller and Sternad 2004) . Reducing noise at the joint level may have a functional significance beyond producing a limb force that matches the visual target more accurately. As we observed, the reduction in total noise does not occur until after subjects had reached a steady-state peak GRF error. Noise reduction, therefore, must be motivated by something other than the drive to improve limb force performance. A similar pattern is observed during adaptation to a three-finger forcebalancing task . Whereas only task-relevant variance decreased early in finger force adaptation, task-irrelevant variance decreased after subjects had practiced enough to perform the task accurately. The decrease in task-irrelevant variance during performance maintenance may have been related to secondary task constraints besides the explicit task goal of generating force. That the switch from minimal intervention to noise reduction occurs during practice of activities as diverse as discrete finger force and rhythmic leg force generation suggests that it may originate from a centralized control strategy.
In our study of locomotor adaptation during hopping, we similarly suspect that subjects reduced all joint torque deviations during task maintenance in response to task constraints unrelated to GRF error. During treadmill walking, subjects preferentially correct deviations away from the manifold over short time scales but also reduced task-irrelevant deviations over longer time scales to approach a preferred operating point that is based partly on energetic cost (Dingwell et al. 2010 ). This indicates that minimizing energetic cost is a secondary goal in locomotion compared with objectives more immediately related to performance. Similarly, reducing energetic cost may be the secondary task constraint causing decreases in task-irrelevant deviations during performance maintenance in hopping adaptation. Minimization of energy used by the muscles is implicated to underlie many movement control strategies. For example, energy minimization is an important component of the optimal feedback control theory of movement (Todorov 2004) . The cost functions that best model reaching and object manipulation include minimizing energy or effort (Berret et al. 2011; Nagengast et al. 2009 ). Minimization of energy or related quantities like muscle activity is also often used to accurately model human locomotion (Miller et al. 2012; Anderson and Pandy 2001; Emken et al. 2007 ). Recent experimental findings also support the importance of energy reduction during the process of motor adaptation in arm reaching (Huang et al. 2012 ) and split-belt treadmill walking (Finley et al. 2013 ). Furthermore, a cost function that uses performance error alone fails to predict learning behavior in adaptation, but a cost function using both performance error and energetics associated with muscle activations accurately predicts adaptation in both reaching and gait (Emken et al. 2007 ). The reduction in total joint torque deviations during task maintenance in the current study may result from gradually moving toward an optimal posture or set of muscle synergies (Chvatal and Ting 2011) that allows subjects to minimize energy while maintaining the same peak GRF performance. Future studies would be necessary to further investigate this possibility.
Subjects reduced peak GRF errors and task-relevant joint torque deviations early in the first postshifted feedback trial, indicating that the performance improvement phase during deadaptation occurred very rapidly. This was not surprising, as task errors are often corrected more quickly in deadaptation than adaptation (Davidson and Wolpert 2004; Malone et al. 2010; Bastian 2008) , particularly when adaptation is caused by a sudden visuomotor perturbation (Kagerer et al. 1997) . Faster deadaptation can be further explained by a two-rate adaptation model, involving fast and slow adaptive processes that respond to sensory errors at different rates (Smith et al. 2006 ). In our subjects, while the fast adaptive process may have changed quickly in response to the errors created by shifted visual feedback during adaptation, the slow adaptive process would have been less receptive to these errors and remained biased toward the baseline peak GRF in the nonshifted feedback condition. When the shift in feedback was removed, the reliance on the slow adaptive process would explain the rapid return to the baseline peak GRF that we observed during the postshift trials.
Such a quick reduction in peak GRF error means that for the remainder of the deadaptation block, subjects should be in the performance maintenance phase, and this was the case. Taskirrelevant deviations significantly decreased or exhibited a decreasing trend in all postshifted feedback trials while SCIDS remained positive and unchanged. This may be due to the relative familiarity and simplicity of the postshifted trials, which have been observed in similarly simple bimanual reaching tasks (Domkin et al. 2002) . Our subjects adapted to a relatively difficult task of generating an additional 10% (ϳ160 N) of peak GRF, which initially required a minimal intervention strategy. Deadaptation to a naturally preferred performance baseline, in contrast, is a relatively easy task and our subjects exhibited only a brief performance improvement phase.
In summary, we found that locomotor adaptation of limb force in response to a shifted visuomotor transformation does not result only from hop-to-hop error correction but is more likely achieved by feedforward control. We applied a singlecycle analysis within the framework of the uncontrolled manifold approach to assess the time course of adaptation of joint torques projected into a task space relative to limb force. We conclude that there are two phases in the locomotor adaptation of limb force in hopping, which are characterized by two different control strategies. In the first phase of performance improvement, GRF error is reduced through direct, preferential reduction of only the task-relevant deviations in joint torques and is consistent with the principle of minimal intervention. In the second phase of performance maintenance, all deviations in joint torques are significantly reduced regardless of their effect on GRF. The change in control strategy occurs in locomotor adaptation with the duration of the performance improvement phase correlated with the difficulty of the task. These results from hopping may represent a more general control strategy that could be insightful for a better understanding of locomotor limb force adaptation during running and hopping gaits.
